The voltage-gated proton channel Hv1 plays a critical role in the fast proton translocation that underlies a wide range of physiological functions, including the phagocytic respiratory burst, sperm motility, apoptosis, and metastatic cancer. Both voltage activation and proton conduction are carried out by a voltage-sensing domain (VSD) with strong similarity to canonical VSDs in voltage-dependent cation channels and enzymes. We set out to determine the structural properties of membrane-reconstituted human proton channel (hHv1) in its resting conformation using electron paramagnetic resonance spectroscopy together with biochemical and computational methods. We evaluated existing structural templates and generated a spectroscopically constrained model of the hHv1 dimer based on the Ci-VSD structure at resting state. Mapped accessibility data revealed deep water penetration through hHv1, suggesting a highly focused electric field, comprising two turns of helix along the fourth transmembrane segment. This region likely contains the H + selectivity filter and the conduction pore. Our 3D model offers plausible explanations for existing electrophysiological and biochemical data, offering an explicit mechanism for voltage activation based on a one-click sliding helix conformational rearrangement.
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proton channel | voltage sensing domain | EPR | MD simulation V oltage-gated proton channels (hHv1) represent a remarkable evolutionary adaptation of canonical voltage sensing domain (VSD). In hHv1, both voltage-sensing and ion (H + ) conduction are carried out by a single domain, and undergo a global conformational rearrangement (1, 2) . In humans, hHv1 is widely expressed and required for a variety of physiological processes (3) , including optimal reactive oxygen species production by NADPH oxidase (4-6), B-cell proliferation and differentiation (7) , and regulation of human sperm motility (8) . hHv1 folds as an antiparallel four-helix bundle with its fourth transmembrane segment (S4) containing three putative gating charges. Just as in the VSDs from ion channels and enzymes, the positively charged S4 moves outwardly in response to a depolarization (9) . Beyond sensing the transmembrane voltage, S4 reorientation in hHv1 participates in the formation of a protonselective permeation pathway responsible for the generation of the proton currents that underlie its multiple physiological functions (10, 11) .
Despite high sequence similarity and a common structural blueprint, VSDs from ion channels and enzymes display a wide range of electrophysiological properties; these include large variations in effective gating charge (z = ∼0.9 to ∼3.6 e − ) and midpoints of activation (V 1/2 = ∼−150 to ∼+150 mV). Existing VSD crystal structures (12) (13) (14) (15) (16) have provided key data on the arrangement and orientation of the transmembrane helices S1-S4, while at the same time revealed a considerable structural heterogeneity-particularly, the number and positions of both the gating charges and their compensating countercharges in relation to the hydrophobic "plug" or "gasket" electrically separating the intra-and extracellular spaces (16, 17) .
Electrophysiological studies on the human proton channel (hHv1) have identified several functionally critical residues (18, 19) and suggested a list of potential charge-charge interactions (20) (21) (22) for different functional states. A number of hHv1 molecular models (19, 20, 23, 24) have been proposed using VSD structures from KvAP and the Kv1.2 chimera as templates. However, no overall consensus exists so far, in part due to the structural heterogeneity among voltage sensors. A recent 3.45-Å resolution crystal structure of a chimeric construct of the mouse proton channel mHv-cc, containing parts of mHv, CiVSD (VSD of voltage sensitive phosphatase from Ciona intestinalis, CiVSP), and a fragment of the GCN4 coiled coil (25) , has provided the first glimpses of a proton channel structure, including its close agreement with a consensus VSD scaffold and the relative positions of functionally critical residues. However, due to the unorthodox nature of the chimeric construct crystallization (it forms a trimer in the lattice), details on the individual role of the gating charges, plus the mechanisms of proton permeation and cooperative gating, remain to be established (25) .
Ultimately, a complete understanding of the mechanistic principles that define hHv1 voltage activation and proton conduction requires the determination of its conformational states in an environment that is as close as possible to native conditions. Here, we have carried out a systematic EPR spectroscopic analysis of membrane-embedded hHv1, together with biochemical and computational approaches to generate a structural model that accounts for most of the existing functional data (19, 20) . hHv1 showed significant solvent penetration along S4, suggesting a highly focused electric field in the region near the first two gating charges, R1 and R2, an observation that explicitly narrows the potential location of the selectivity filter and the pore of
Significance
The human proton channel hHv1 is responsible for the extrusion protons during a series of important physiological events with clinical relevance. Yet, the mechanistic details underlying voltage-dependent gating, ion selectivity, and cooperativity between homodimers remain to be determined. We carried out a structural characterization of hHv1 in a lipid bilayer using spectroscopic methods and revealed a strongly focused electric field across its putative selectivity filter. In combination with computational methods, we showed that the recently determined crystal structure of CiVSD-WT is the best structural template for dimeric hHv1, and constructed a full-length model of dimeric hHv1 with spectroscopic constraints. We proposed an explicit mechanism for hHv1 gating with functional predictions according to the one-click model recently established in CiVSD.
the proton channel. Evaluation of existing VSD structures supports our hypothesis that the CiVSD-WT structure (16) represents the best structural template for 3D models that are optimally compatible with existing hHv1 experimental data, including its dimer interface. This model not only provides mechanistic insights to interpret the chimeric construction of recent mHv-cc model, but also explicitly suggests a path toward defining hHv1 open state.
Results
Biochemical Analyses of Human Proton Channel. Full length-hHv1 (hHv1-FL; including residues 1-273) and a VSD only construct (hHv1-VSD; residues 75-223; Fig. 1A ) can be expressed in Escherichia coli at moderate yields (0.7 mg/L) at the expected molecular weights, as confirmed by electrospray ionization (ESI)-TOF mass spectrometry. Both hHv1-FL and hHv1-VSD are homogenous and stable after solubilization in Fos-choline 14 and Fos-choline 12 (Fig. 1C ). Purified hHv1 displays high helical contents in solution (helicity 75% for hHv1-FL, 82% for hHv1-VSD; SI Appendix, Fig. S1A ), which indicate proper secondary structure, consistent with the expected four-helical bundle scaffold. According to its voltage dependence ( Fig. 1B ; V 1/2 = 58 mV and z = 0.90) (19) , hHv1 populates its resting or "down" state at 0 mV. After reconstitution into 1-palmitoyl-2oleoyl-sn-glycero-3-phosphocholine (POPC):1-palmitoyl-2-oleoylsn-glycero-3-phospho-(1′-rac-glycerol) (POPG) at molar ratio 3:1 (26-28), both the hHv1-FL and hHv1-VSD constructs efficiently catalyze proton fluxes determined by an established fluorescencebased assay (29) ( Fig. 1D ), which is consistent with previous electrophysiological data showing that hHv1-VSD alone serves as the pore and selectivity filter for proton conduction (10) . In comparison, reconstituted Ci-VSD conducts protons at a much slower rate ( Fig. 1D ), whereas KvAP-VSD can only sustain a marginal level of proton conduction, as shown previously (29) .
Dynamics and Helical Packing in a Lipid Environment. We used sitedirected spin labeling (SDSL) in combination with EPR spectroscopy to probe the local environment of hHv1-VSD in POPC:POPG liposomes. The single native cysteine in the construct (C107) was mutated into serine to generate a cysteineless hHv1-VSD. A total of 149 single cysteine mutants, covering the entire VSD scaffold in hHv1-VSD background, were expressed, purified, spin-labeled, and reconstituted in POPC:POPG liposomes. Continuous-wave EPR spectra were acquired for individual samples (SI Appendix, Figs. S2 and S3), and spectra were analyzed using established methods (30) . We focused on two types of EPR spectra parameters to deduce structural information: first, nitroxide motional freedom was estimated from the inverse of the central line width of the first derivative absorption spectra (ΔH o −1 ) (31). Second, solvent accessibility was evaluated by collisional relaxation methods (32) , where nonpolar oxygen (ΠO 2 ) serves as a contrast agent to evaluate membrane exposure, and polar Ni(II) ethylenediaminediacetic acid (NiEdda) reports on the extent of aqueous exposure. Fig. 2A shows the EPR environmental parameter profile for hHv1-VSD, highlighting the distinct dynamic features of hHv1. Indeed, among all VSDs studied by EPR spectroscopy (16, (26) (27) (28) , hHv1 is by far the most dynamic one ( Fig. 2B ). Both the N-and C-terminal regions extending outside of four-helical bundle are significantly more mobile than the transmembrane regions. We find clear periodicity in the accessibility data along the transmembrane regions, where the three putative gating charges (R205: R1; R208: R2; and R211: R3) appear at local minima for ΔH o −1 (red circles in Fig. 2A , Top), consistent with an expected tertiary contact. The ΠO 2 profile ( Fig. 2A , Middle) similarly reflects the dynamic nature of hHV1 in membranes: high in lipid-exposed residues but low in residues with tertiary contacts. Two-dimensional projections of ΠO 2 for the four individual helices clearly points to the overall direction of tertiary contacts (Fig. 2C ). Within this projection, functionally critical residues such as the three putative gating arginines and D112 (18) appear naturally inside the bundle (Fig. 2C ), fully consistent with the notion that these charged residues are protected away from the hydrophobic environment of the lipid bilayer.
Finally, NiEdda accessibility between transmembrane regions (low ΠNiEdda) and the exposed loops (high ΠNiEdda) unambiguously define the boundaries of the four individual helices (S1-S4; gray regions of Fig. 2A, Bottom) . Together with the amino acid sequence, the ΠNiEdda profile is able to explicitly define the boundary of the transmembrane helices and the position of the residues relative to the lipid bilayer as in homologous systems KvAP-VSD and CiVSD (SI Appendix, Fig. S4 ) (12, 16, 28) . On the basis of this dataset, the gating charges (R1, R2, and R3) appear located toward the inner leaflet of the bilayer, reminiscent of the location of the gating charges in CiVSD at resting state, but in strong contrast to KvAP-VSD. More importantly, we observe deep water penetration at both ends of the S4 segments. The present data highlights the existence of deep water-filled crevasses in hHv1 and suggests that only a very narrow region of the sensor (about two turns of helix, between residues 201 and 209) remains fully inaccessible to NiEdda in the resting (down) conformation. This region includes the top two gating charges, R1 and R2, leaving R3 at least partially exposed to intracellular crevasse and thus, accessible to interactions with water.
A Spectroscopically Constrained Model of the hHv1 VSD. We have taken advantage of the present EPR data set to evaluate the 3D structure of resting (down) hHv1 in a lipid bilayer. We have carried out this exercise independent of the recently reported X-ray structure of the mHv1/CiVSD/GNC4 chimera. Due to the common overall architecture of VSDs, structural models for hHv1 have been constructed based on existing structures from either KvAP or Kv1.2 VSDs (3, 6, 20, 24) . We point out that given local sequence similarity, the recently determined VSD from Ci-VSP (CiVSD) represents a more logical and accurate structural template for hHv1 (16) .
We carried out an unbiased evaluation of all available VSD structures as a way to generate more appropriate models of hHv1 at resting state. To this end, we constructed four structural models based on pairwise amino acid sequence alignments of hHv1-VSD with sequences from four existing VSD structures: KvAP (12), Kv1.2_ch (13) , NavAb (14) , and CiVSD-WT (16) ( Fig. 3A and SI Appendix, Fig. S5 ; see Experimental Procedures for details). Based on each of the four preliminary models in explicit lipid environments, we calculated the predicted accessibility for each residue using molecular dynamic simulation methods and applied Kullback-Leibler divergence (33) to compare the predicted patterns with both EPRbased NiEdda accessibility (current data; Fig. 3B ) and NEM/AMS chemical reactivity accessibility ( Fig. 3C) (34) . Models based on CiVSD-WT as a template display the best agreement with both NEM/AMS reactivity and ΠNiEdda. It is worth noting that the ΠNiEdda profile is a more complete and quantitative dataset than that derived from NEM/AMS reactivity, and thus more sensitive to structural models with larger differences in Kullback-Leibler divergences ( Fig. 3D ). Not surprisingly, CiVSD-WT is indeed most similar to hHv1 not only in sequence homology (SI Appendix, Fig.  S5 , Bottom), but also in their voltage dependences and apparent slopes of activation (1, 35) . Our initial CiVSD-WT-based structural model was further refined by EPR constraints using a pseudoatomdriven solvent accessibility refinement method PaDSAR (26, 36) that uses experimental solvent accessibilities as soft constraints. The resulting model was equilibrated in explicit lipid POPC for 400 ns and proved to be stable as a representation of the resting state of hHv1-VSD in lipid bilayer.
Mapped Environmental Parameters: Solvent Penetration on S4. We then mapped the EPR environmental data onto our equilibrated model of hHv1-VSD to evaluate its basic structural features. The mapped nitroxide probe mobility shows the highly dynamic features of hHv1-VSD ( Fig. 4C ). Among the four transmembrane segments, S4 appears to be the most dynamic one ( Fig. 4C, Left) . The most restricted regions (in blue) are located around the middle of hHv1-VSD and scattered on S1, S2, and S3. The oxygen accessibility profile (ΠO 2 ) confirms that the sites with low accessibilities are packed in the interior of the four-helix bundle ( Fig. 4D ), suggesting the agreement between the present hHv1 model and experimental data.
The key feature in the present model becomes evident from the mapped solvent accessibility (ΠNiEdda). As seen from the ΠNiEdda profile ( Fig. 2A ), we find extensive solvent penetration from both extracellular and intracellular sides of hHv1, particularly along S4 (Fig. 4A, Left) . The observed low-oxygen accessibilities around both intracellular and extracellular crevices ( Fig. 4D ) were consistent with this solvent penetration, because oxygen contents ), oxygen accessibility (ΠO 2 ), and NiEdda accessibility (ΠNi) of hHv1-VSD in POPC: POPG proteoliposome. Repeats for selected positions (n = 3-5) in S1 and S4 are shown. Error bars, SD. The putative transmembrane segments (S1, S2, S3, and S4) are shown on the top and indicated in gray in the plot. The critical residues D112, R205 (R1), R208 (R2), and R211 (R3) are indicated with circles. (B) Average mobility and oxygen accessibility of four transmembrane helices of four VSD systems hHv1-VSD (black), CiVSD (cyan), KvAP-Up (red), and KvAP-Down (green), which are studied by EPR methods, are plotted with SD. hHv1-VSD is the most dynamic VSD system in lipids by far. (C) A 2D wheel presentation of oxygen accessibility of four transmembrane helices. The vectorial sums (red arrow) of oxygen accessibility are significantly larger than values of individual residues, and preferably point to the lipid-exposing environment away from the core of the four-helix bundle. The functionally critical residues (D112, R1, R2, and R3) are on the opposite side of the lipid environment and protected by side-chain interactions. Boundaries of each transmembrane segment are shown by black dot with residue numbers for reference.
are lower in solvent than in lipid environment. At the same time, there is minimal solvent penetration on the central regions of S1 and S2 ( Fig. 4A, Right) . Based on the present data and 3D model, the water penetration from both sides of the membrane appears to ebb around R1 and R2 in hHv1, leaving a very narrow region of putatively low dielectric environment and, thus, locally focusing the electric field surrounding the gating charges.
The hHv1 Dimer Interface. In solution, hHv1-VSD is a dimer at ∼40 μM as shown by the multiple-angle light-scattering (MALS; Fig. 1C ). To evaluate the strength of the dimer interface, we labeled hHv1-VSD-193C with fluorescein maleimide and monitored its size-exclusion elution profile by fluorescence at low concentrations. At ∼40 μM, the elution profile of fluorescein-labeled hHv1-VSD-193 is the same as native hHv1-VSD dimer. However, serial dilutions to 200 nM show clear concentration dependence of dimer dissociation, evident from elution volume shifts toward lower molecular weights (SI Appendix, Fig. S6A ). Protein concentration estimates from the predicted extinction coefficient (A 280 ) at the peak of elution profiles and the dilution factors, we calculated an apparent K d of 3.2 μM for hHv1-VSD dimerization in solution (SI Appendix, Fig. S6A ).
As a result of the saturation spin-labeling of hHv1-VSD for EPR studies, we observed strong spin-spin coupling at the C-terminal end of S4 (residue 206; Fig. 5A ), which unambiguously shows that hHv1-VSD is oligomeric under the present experimental conditions. Because there is only one spin label attached on each hHv1 monomer, position 206 has to be close to each other at the oligomer interface. As expected, mixing spin-labeled hHv1-VSD-206 with unlabeled protein at a 1:3 molar ratio before reconstitution sharply diminished the dipolar coupling ( Fig. 5A ). Using the dipolar coupling as readout for dimer formation, we reconstituted the spin-labeled hHv1-VSD-206 at different starting concentrations, ranging from 360 nM to 360 μM. Consistent with dilution experiments in detergent solution, the apparent K d in proteoliposome was shown to be 3.4 μM from fits of the concentration dependence of dipolar coupling (SI Appendix, Fig.  S6B ), which strongly suggests that the dimerization of hHv1-VSD in proteoliposomes is a direct reflection of its state in solution before the reconstitution and confirms that at a 1:1,000 protein: lipid reconstitution ratio (that of all our EPR spectroscopy and proton flux measurements), hHv1-VSD is a dimer in the lipid bilayer. The observed dipolar coupling is also consistent with FRET data that hHv1-VSD is an oligomer when reconstituted at a 1:1,000 protein:lipid molar ratio in a variety of lipid compositions (SI Appendix, Fig. S1B ).
It is worth noting, however, that the C-terminal truncated hHv1-VSD has been shown by single-molecule fluorescence bleaching methods (10) to be monomeric when expressed in Xenopus oocytes. We suggest a simple explanation to the apparent discrepancy with the present set of results. Stoichiometry counting requires a minimal level of expression to easily resolve single spots on the cell surface. It is likely that these low expression levels in oocytes fail to reach the concentration threshold for dimer formation, which is in the low-micron range for hHv1-VSD in solution as shown in Fig. 4A . For comparison purposes, we reconstituted fluorescein-labeled hHv1-VSD-193C protein at a protein-to-lipid ratio of ∼1:1 million and applied the single-molecule bleaching methods to determine the stoichiometry. We were able to obtain evenly distributed hHv1-VSD spots (SI Appendix, Fig. S1C , Top), where hHv1-VSD was predominantly monomeric (70% single-step bleaching; SI Appendix, Fig. S1C ). However, at the 2D densities required to reach an equivalent low-micron concentration, it is practically impossible to separate single molecules, and thus we were unable to properly carry out the photobleaching experiment. These results are further evidence showing that the oligomeric state of hHv1-VSD is highly dependent on its density in the membrane. The C-terminal coiled coil of hHv1 has been crystallized as a dimer with a covalent disulfide bond between 249C (37). We set out to test whether this covalent linkage is relevant in the formation of the native hHv1-FL dimer. Mild oxidizing conditions (5 mM CuSO 4 for 10 min at room temperature) led to the formation of >50% hHv1-FL covalent dimer as shown in nonreducing SDS/ PAGE (SI Appendix, Fig. S16C ). Mutating the two hHv1-FL native cysteines (107C and 249C) individually into serine had differential effects on dimer formation: the C107S mutant is predominantly (>90%) dimer, whereas the C249S mutant shows only trace amounts (<5%), confirming that 249C is responsible for the covalent linkage of hHv1-FL. Higher-order oligomers can only be seen in the present of both cysteines in hHv1-FL (SI Appendix, Fig. S1C ).
An hHv1 Dimer Model in the Resting Conformation. Extensive crosslinking results have proposed two different dimer interfaces for hHv1-VSD through either S1 (38) or S4 (39) . CiVSD-WT, the closest structural template of hHv1, was crystallized as a homodimer in the asymmetric unit (16) and analysis of C β distances between CiVSD-WT monomers shows that the dimer interface is formed by both S1 and S4, with the closest proximity at the bottom of S4 and top of S1. Indeed, the mutant 121C at the extracellular loop of S1 can form a spontaneous disulfide link (38) and shows shortest C β -C β distance in the equivalent position of the CiVSD dimer ( Fig. 5A) . At the same time, the observed dipolar coupling at position 206 in hHv1 (Fig. 5A) unambiguously places the bottom of S4 at the dimer interface. These data together strongly suggest that the dimer interface of hHv1-VSD is homologous to CiVSD-WT. Consequently, we aligned two structural models of hHv1-VSD monomers with the CiVSD-WT dimer as a template to generate the hHv1-VSD dimer model (Fig. 5B ). Mapping all of the available cross-linking data (40) onto this dimer model shows that most of the residues with high cross-linking propensity are precisely located at the dimer interface predicted from CiVSD-WT.
Finally, to generate a dimer model of hHv1, we combined the present structural model of hHv1-VSD dimer (residues 89-226) and the crystal structure of hHv1 C-terminal dimer (residues 226-266) (37) by simple fusion. This full-length hHv1 dimer model was equilibrated for 300 ns by molecular dynamics (MD) simulation in a POPC lipid bilayer, applying secondary structure constraints to ensure the continuity of the α-helix (41) from S4 to the end of C-terminal coiled coil (40) (SI Appendix, Fig. S7A ).
Discussion
Based on the present spectroscopic and biochemical data, we evaluated existing VSD structures to generate a structural model of full-length hHv1, using as templates the structures of CiVSD-WT (16) and isolated hHv1 C-terminal coiled coils (37) . Based on the voltage dependence of hHv1 (1), both our dimer model and the trimeric mHv-cc structure (25) likely represent the resting state of hHv1 at 0 mV.
Mechanistic Interpretation. One of the striking features from the present EPR data, compared with equivalent data from KvAP (26, 28, 42) , NaChBac (43) , and CiVSD (16, 27) , is the deep solvent penetration along S4 (Fig. 4A ). This water penetration is consistent with the large opening of the intracellular crevice in the mHv-cc trimer structure (25) and would lead, presumably, to a sharply focused electric field around the R1 and R2 and, indeed, a focused electric field has been observed, to different degrees, in several VSDs (44) (45) (46) and appears to be a key property of VSD at the resting state.
Interestingly, a highly conserved phenylalanine (F150 in hHv1) lies between R1 and R2 (Fig. 6A) where it is solvent excluded (Fig. 4A ) and motionally restricted (Fig. 4C ). It is thus likely that F150 serves as a barrier for proton permeation in its nonconductive resting state. As such, F150 might be putatively involved in the formation of the gating charge transfer center (17) or hydrophobic gasket (16) that separates intracellular and extracellular continuity with the electric field in canonical VSDs. If, as expected, the hHv1 gating mechanism is similar to that in existing VSDs (where S1, S2, and S3 remain relatively steady as the scaffold), the occluded region at rest should become permeable and selective to proton upon activation. Therefore, the present data points to a narrow solvent-occluded region that includes D112 (S1), F150 (S2), V178 (S3), R205 (S4), and R208 (S4) ( Fig. 6 A and B) as the likely site for both activation gate and selectivity filter during proton conduction. In fact, D112 has previously been suggested to be a key component of the selectivity filter in hHv1 (18) . Thus, the molecular basis of proton permeation is likely defined by relatively small side-chain reorientations in residues lining this narrow region. However, a definitive demonstration of this hypothesis will likely require further structural data at significantly higher resolutions than those presently available.
The present structural model of hHv1 at rest explicitly suggests two electrostatic clusters, D112-R1-D185 and E153-R3-D174, as the basis of the energetic stabilization of the resting state. The predicted role of these clusters is in good agreement with existing electrophysiological data from charge mutants: neutralization of either D112 or D185 above the hydrophobic gasket dramatically right-shift the I-V curve (19) , whereas neutralization of either D174 or E153 below hydrophobic gasket left-shifts the I-V curve (19) (Fig. 6A ). In our model, K157 does not appear to be within electrostatic range of other charged residues, a prediction that seems to be supported by a lack of a functional effect for the K157A neutralization (19) . Furthermore, given that both clusters are exposed to water, we suggest they might also play a role in hHv1 sensitivity to pH because the protonation state of these charges will have a profound effect on the stability of the electrostatic interactions in the cluster.
Model Comparison. We have shown that the position of the gating charges in CiVSD-WT (toward the inner leaflet of the bilayer) is, by far, the lowest among VSDs with explicit crystal structures (16) . However, previous hHv1 structural models have been based on structural templates from voltage-gated ion channels (19, 23, 24) , all of which populate the activated (up) state at 0 mV, according to their voltage dependences. In comparison with the present structural model, early hHv1 homology models tend to place the three gating charges toward the extracellular leaflet of the bilayer; thus, they would (in principle) be structurally closer to the activated state of the hHv1.
A comparison between the present structural model and the mHv-cc structure was carried out by aligning the backbone C α of S1 + S2 + S3a (Fig. 6B, S5) (16) . We find excellent agreement regarding the position of the critical residues on S1 (D112) and S4 (R1, R2, R3) between our model and mHv-cc. In fact, mHv-cc arginines are in positional agreement only with CiVSD-WT (down conformation) and, as such, are located further toward the inner leaflet of the bilayer than in other existing VSD structures (16) . However, though there is overall agreement in the location of S1 and S4, there are clear differences between the residues on S2 and S3 between trimeric mHv-cc and our hHv1 model ( Fig. 6B ). To correct this discrepancy, S2 residues in our model (D153 and F150) need to be shifted upwardly by one turn of helix, whereas the residues on S3 (D174 and D185) require a downward shift of one helical turn (Fig. 6B) .
These apparent discrepancies can be explained as follows. First, though appropriate overall, it is possible that our choice of CiVSD as structural model for hHv1 might not be able to reproduce the conformation of S2 and S3 in hHv1. Because there is a large structural heterogeneity in the relative position of the gating charges among existing VSD structures (16) , it is reasonable to expect some variation in the relative positions of S1, S2, or S3, the least-conserved regions of VSDs. A second option is that given the unorthodox nature of the chimeric construct used to solve the structure of mHv-cc, it is possible that the sequence incorporated from Ci-VSP in the region of S2-S3 (164-188) locally perturbs hHv1, disrupting some of the native interactions in the region of S2 and S3 and changing its register.
A recent set of functional data, probing the pairwise interaction between two residues by thermocycle analysis (20) , has suggested a list of interacting residue pairs in the proton channel. Unfortunately, most of the predictions are inconsistent with both the present structural model and mHv-cc structure (SI Appendix, Table  S1 ). Thermocycle analysis relies on the functional perturbation by mutations, which, by definition are evaluated in the activated state of the proton channel (because it relies on ion conduction as the functional readout). The distances between most of the suggested interaction pairs in the activated state appear too far in the resting state, and there is no simple movement of S4 to satisfy those interactions. As expected, these large discrepancies indicate that the activated state of hHv1 is very different from the resting state, and there might be movements from other segments as well during the gating process (47) . Another possibility is that the observed interaction may only exist in the presence of a particular mutation but is not apparent in the native state. For instance, mutation R205A in hHv1 barely shifts its voltage dependence (19) , whereas R205C in CiHv1 left shifts V 1/2 more than 50 mV (20) .
Structural Basis of Cooperative Gating. As a functional dimer, hHv1 shows strong cooperativity during activation gating, involving at least two conformational changes (10, 48, 49) ; in view of this, and considering the present data, we suggest that cooperativity in hHv1 dimer derives from three independent interactions: the presence of a covalent linkage at C249, interactions within the C-terminal coiled coil (37) , and the ability of the VSDs to dimerize (Lower Left) Mutant 121C at top of S1 can form spontaneous disulfide linkage in native hHv1 (38) . (Right) C β distances between hHv1 monomer according to the CiVSD-WT dimer (PDB ID code 4G80). Both residues 121 and 206 are among the closest residues (<10 Å). (B) hHv1-VSD dimer model built by aligning two monomer structural models with CiVSD-WT dimer crystal structure. The cross-linking data from mHv was mapped onto the dimer model (40) , and regions with high cross-linking propensities, including S4 and top of S1, are in close proximity in the dimer model.
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PNAS | Published online October 6, 2015 | E5931 through the S1/S4 interface. It has been shown that the C-terminal cytoplasmic domain is essential for hHv1's cooperativity (10); however, whether the cooperative is directly affected by coiled-coil interaction or by the VSD interface, which is enhanced by the coiled-coil interaction, remains an open question. In the absence of its C-terminal coiled coils, hHv1-VSD dimerizes in solution with an apparent K d ∼3 μM, and we expect this interaction to be enhanced in the full-length construct. Our finding that redox potential modulates the disulfide linkage through 249C (SI Appendix, Fig. S6C ) argues in favor of the hypothesis that hHv1 cooperativity is sensitive to the redox potential of the intracellular environment (40) , because this would affect the stability of the C-terminal coiled coil. Using a similar strategy as that described here, Okamura et al. (41) recently proposed a full-length dimer hHv1 model by combining the VSD from crystal structure of mHv-cc with the existing structure of the isolated C-terminal coiled-coil domain. Not surprisingly, both hHv1-FL models have essentially the same topology: a long coiled-coil extending out from S4 in a membraneembedded VSD dimer. However, the similarity between structural models ends at the VSD dimer interface. Based on cross-linking data alone (34) , S4 dominates as the predominant contact between VSDs in Okamura's model. However, the dimer interface in our model involves both S1 and S4, and agrees well with crosslinking data from different sources (34, 38) . Still, the existence of additional cross-linking regions at the bottom of S3 (Fig. 5B ) appears to be inconsistent with both Okamura's and the present model, likely as the result of the highly dynamic nature of hHv1 in the membrane (Fig. 2B ) and the fact that copper phenanthroline is known to promote cys-cys linkage even when the sulfhydryl groups are up to 15 Å apart (50) .
A Voltage-Dependent Gating Mechanism Based on the One-Click
Model of CiVSD. At present, CiVSD is the only VSD system where the structures of both the resting (down) and activated (up) conformations are known. Based on these structures, a oneclick sliding helix/helical screw motion gating mechanism was proposed in which gating charges are stabilized by sequential sets of countercharges as they translocate through a hydrophobic gasket (16) . Here, we presented quantitative evidence suggesting that CiVSD-WT is a reasonable structural model for dimeric hHv1 in its resting state. The voltage dependence for hHv1 (V 1/2 = 58 mV and z = 0.90) (19) is similar to CiVSD (V 1/2 = 62 mV and z = 1.10) (35), so it is tempting to suggest a mechanistic model where hHv1 gates in a similar way as CiVSD. In this model (Fig. 6C) , the S4 segment moves upward to the activated state by a oneclick (three residues within an α-helix) rotation/translation movement, whereas transmembrane segments S1, S2, and S3 remain as a relatively static scaffold. Kulleperuma et al. (24) have shown that histidine mutant at R3 position is accessible to internally applied Zn 2+ in the open state, which is highly consistent with minimum movement of S4 in the present model. Furthermore, this S4 movement rearranges the electrostatic clusters present in the resting state: the D112-R1-D185 triad becomes D112-R2-D185 in the activated state, and R3 will move out of the interaction range with E153 and D174. This movement brings R1 much closer to E119, allowing the formation of a R1-E119 pair, which we hypothesize stabilizes the activated state. These predictions finds experimental support, because disruption of R1-E119 interaction by neutralization (E119A) right-shifts hHv1 V 1/2 more than 20 mV (6), suggesting that additional energy is needed to stabilize hHv1 in the activated state. Because the hydrophobic gasket is formed by side-chain contributions from S1 + S2 + S3, the voltage-driven upward movement of S4 will likely move R1 across the gasket, positioning R3 at or very close to it. However, the proposed one-click model alone cannot account for the approximately three transferred gating charges per VSD in hHv1 (51) . The presence of additional contributions, such as field refocusing, and additional S4 movements remains to be illustrated. At the moment, the complete mechanism of gating, the nature of the conduction pathway, and the molecular underpinnings of proton selectivity in hHv1 are beyond the resolution of existing data, but we surmise that they are intimately coupled to the predicted changes in the electrostatic clusters and arginine positions as they move through the hydrophobic gasket. aligned with crystal structure of mHv-chimeric by the Cα of S1 + S2 + S3a. The residues on S1 (D112) and S4 (R1, R2, and R3) agreed very well (Right) with obvious differences of the residues on S2 and S3 between two models. To match mHv1-chimeric structure, the residues on S2 (D153 and F150) need to upshift one turn of helix, whereas the residues on S3 (D174 and D185) need to downshift one turn of helix. The chimeric region from CiVSD on mHv-chimera spanned from residues 149 to 172 (corresponding to residue 153-176 in hHv1), which are highlighted in the rhomboidal box. The structures of the identical sequence in CiVSD and mHv-chimera are distinctly different. (C) Proposed gating model of hHv1 according to the one-click gating mechanism in CiVSD. At resting-state hHv1-VSD in lipid bilayer, solvent penetrates from both intracellular and extracellular crevices leaving a focused electric field around R1 and R2 region at the level of hydrophobic gasket. hHv1 scaffold is shown by the gray oval; S4 by blue cylinder; hydrophobic gasket by orange rectangle. The two salt-bridge clusters (D112-R1-D183 and E153-R3-D174) are connected by black dotted lines. Up activation: the S4 of hHv1 rotates and moves three residues up.
Experimental Procedures
Molecular Biology, Protein Expression, and Purification. The native genes of hHv1 full-length and hHv1-VSD (residues 75-223) were individually codon optimized toward E. coli K12. The synthetic genes were cloned and inserted into pET15b vector with an N-terminal 6XHis tag. The plasmids were transformed into fresh E. coli BL21 (DE3) competent cells, and grown overnight at 37°C for 12∼16 h. The saturated overnight cultures were diluted at 1:100 ratio into LB medium (Invitrogen) with 0.2% glucose and grown at 37°C for ∼2 h, and the expression was induced at OD 600 ∼1.0 with 0.6 mM isopropyl-β-D-thiogalactopyranoside for ∼2-4 h. The cells were harvested by centrifugation and the pellet was resuspended in Tris buffer [20 mM Tris (pH 8.0), 150 mM NaCl] in 1 mM phenylmethanesulfonyl fluoride (PMSF), 0.1 mg/mL DNase, 5 mM MgCl 2 , 0.1 μg/mL pepstatin, 1 μg/mL aprotinin, and 1 μg/mL leupeptin. The mixture was homogenized and spun down at 100,000 × g for 35 min. The membrane pellet was resuspended in Tris buffer and solubilized with 2 mM Fos-choline 14 in 1 mM PMSF and 10 mM imidazole at room temperature for 1 h. The homogenate was spun down at 100,000 × g for 35 min, and the supernatant was loaded on to cobalt resin (2 mL resin per liter of cell culture). The resin was washed with 20 times resin volume of Tris buffer in 1 mM Fos-choline 14 and 5 mM imidazole. The endogenous cysteines (107C and 249C) on hHv1-FL were mutated to serine to generate the cysteineless template, which was used to generate single cysteine mutant for probing methods with fluorescence and EPR spectroscopy. To probe which cysteine is responsible for the covalent linkage between hHv1-FL dimer, hHv1-FL native and two mutants (C107S and C249S) were purified under reducing condition in 5 mM DTT. Right after removing the DTT by SEC using a Superdex 200 column in buffer of 20 mM Tris (pH 8.0), 150 mM NaCl, and 4 mM Fos-choline 12, each protein was split into three samples with addition of 10 mM DTT, 5 mM CuSO4, and equal volume of Tris buffer. After incubation at room temperature for 10 min, all samples were added with SDS loading without reducing reagent and run on SDS/PAGE.
Protein Characterization and Reconstitution. The purity of hHv1 proteins was checked by SDS/PAGE; their secondary structures in detergent were determined by circular dichroism (CD) spectroscopy. The protein concentration was adjusted to ∼10 μM, and the spectra were measured on an AVIV circular dichroism spectrophotometer model 202 (AVIV Instrument Inc.) between 190 and 260 nm at a 1-nm interval in a 1-mm path-length strain-free cylindrical cuvette (Hellma). Differential absorbance was converted into molar ellipticity [θ] . The percent helicity of hHv1 proteins were calculated from θ 222 following standard methods.
The molecular mass and homogeneity of hHv1-detergent complexes were determined by MALS. An AKTA FPLC system equipped with a Superdex 200 HR 10/30 size-exclusion column was coupled to a MALS system with a flow cell. The light-scattering was detected with a HELEOS system (Wyatt Technology Corp.) equipped with a 60-mW GaAs laser at 658 nm and 18 detectors at angles from 22.5°to 147.0°. Refractive index was determined from Optilab T-rEX (Wyatt Technology Corp.). UV absorbance was measured at 280 nm by the detector from an AKTA system (GE Healthcare) and converted to analog between 0-1 V into a HELEOS system. Data were acquired and analyzed by ASTRA software (Wyatt Technology Corp.). Even though selfcorrelation between the intensity of light-scattering at discrete angles is sufficient to determine the molecular mass without standard, a standard BSA sample was used to ensure correct settings and data analysis. Then, the molecular weight of the protein-detergent complex and the protein content of the complex were analyzed for the peak of interest by the system template Protein Conjugate of ASTRA software.
Prior to reconstitution, lipids were added with 10 mM DM and rotated at room temperature for 30 min. The concentrated hHv1 (∼5 mg/mL) samples were incubated with the softened lipids for 30 min. The mixture was dialyzed against the 20-mM Tris (pH 8.0), 150-mM NaCl overnight (up to 5 d). The oligomerization behavior of hHv1-VSD after reconstitution was characterized by a standard fluorescence-based assay. In brief, hHv1-VSD 223C was purified and individually labeled with either fluorescein 5-maleimide (excitation max = 494 nm; emission max = 518 nm) or tetramethylrhodamine 5-maleimide (excitation max = 544 nm; emission max = 572 nm) fluorescence dye. The individually labeled hHv1-VSD 223C was mixed at donor:acceptor = 1:1 ratio, and reconstituted into liposomes at protein:lipid = 1:2,000 (molar ratio). The fluorescence emission was recorded from 500 to 650 nm, and excited at 494 nm in a PTI fluorimeter (PTI Technology).
The relative FRET intensity in the 570-to 580-nm range indicates the closeness between donor and acceptor, as the relative aggregation level of hHv1-VSD.
Single-Molecule Fluorescence Bleaching. Single cysteine mutant 193C proteins were prepared in both hHv1-VSD and hHv1-FL background. The single cysteine mutants were labeled with BODIPY fluorescein maleimide (Invitrogen). Fluorescence-labeled hHv1 proteins were reconstituted into POPC:POPG (3:1) liposomes at molar ratios of ∼1:10 million. The protein concentrations prior to reconstitution were varied at 1 nM and 10 μM. For example, for the fluorescence-labeled hHv1-VSD-193C, one sample was prepared by mixing 1 ng protein at the concentration of 1 nM (0.019 ng/μL) with 5 mg softened liposome. The other sample was prepared by mixing 200 ng protein at the concentration of 10 μM (190 ng/μL) with 5 mg softened liposome and diluted 200 times with liposomes after reconstitution. The reconstituted proteoliposomes were dialyzed over 20 mM Tris (pH 8.0), 150 mM NaCl for 48 h, and extruded 20 times with a 0.1-μm filter before bleaching experiments.
Glass coverslips (Fisher) were cleaned by immersion for 60 min in piranha solution (70% H 2 SO 4 /30% H 2 O 2 ), then copiously rinsed in deionized water and stored under water for up to 2 wk. Immediately before use, a coverslip would be dried under a nitrogen stream and a chamber made from cured Sylgard 184 elastomer (Dow Corning) placed on the coverslip. Each chamber had up to four wells so that multiple liposome preparations could be tried on the same coverslip. Liposome suspensions were placed into the wells for 15 s before being extensively rinsed with buffer to remove excess liposomes. Coverslips were imaged using an Olympus IX71 inverted fluorescence microscope and a 60× 1.45 N.A. oil-immersion total internal reflection fluorescence objective lens (Olympus). Excitation was performed using a 50-mW 473-nm DPSS laser (Shanghai Dream Lasers). Typical illumination intensity was ∼200 W/cm 2 . Fluorescence was captured with an Evolve 128 EMCCD camera (Photometrics); frame rates used ranged from 20 to 50 Hz.
ACMA-Based Proton Flux Assay in Liposome. The proton conduction of purified hHv1 protein was assayed by an established fluorescence-based flux assay in the proteoliposomes. The proteoliposome were prepared with high K + inside and diluted into low K + buffer. The addition of K + -specific carrier valinomycin leads to outflux of K + and generates inward electrochemical potential to drive H + into liposomes through proton channels. The resulting pH gradient across membrane leads to accumulation of protonated fluorescence dye 9-amino-6-chloro-2-methoxyacridine (ACMA) and the quenching of fluorescence signal. The time-based fluorescence change was monitored by a PTI fluorimeter (PTI Technology) with excitation at 410 nm and emission at 490 nm.
EPR Spectroscopy. A total of 149 single cysteine mutants covering the residues 75-223 on the scaffold of hHv1-VSD were purified and labeled using 1:20 molar excess spin label (1-oxy-2,2,5,5,-tetramethylpyrrolidin-3-yl)methanethiosulfonate at room temperature for 20 min. Excess spin label was removed with a PD10 column (GE Healthcare). The spin-labeled hHv1-VSD was reconstituted into POPC/POPG 3:1 liposomes at the molar ratio protein:lipid = 1:2,000. For the underlabeling experiments, the spin label (1-oxy-2,2,5,5,-tetramethylpyrrolidin-3-yl)methanethiosulfonate was premixed with a dimagnet label at molar ratio of 1:4 before adding to the single cysteine mutant hHv1-VSD 206C.
Continuous-wave EPR spectroscopic measurements were carried on a Bruker EMX X-band spectrometer equipped with a dielectric resonator and a gaspermeable TPX plastic capillary at room temperature. Spectra were recorded at 2.0-mW incident power, 100-kHz modulation frequency, 1.0 Gaussian amplitude modulation, 20.48-ms time constant, 40.96-ms conversion time, and 120 Gaussian scan width. The motion of the spin label at a specific site was quantified by anisotropy of spectra shape with an empirical parameter as the inverse of peak-to-peak width of the central (m I = 0) resonance, which was conventionally termed as mobility (ΔH o −1 ) (31). The mobility will be low for the region involving tertiary or quaternary contacts, which can constrain the motion of spin label, but high for the loop region where spin label has more freedom of motion. The accessibility (Π) of spin label to the paramagnetic relaxing reagent, which can present predominantly in lipid (O 2 ) or water (NiEdda), can be measured from power-saturation methods (52) . In brief, P 1/2 , the power when amplitude is reduced to half of the value as if no saturation, can be obtained by fitting the peak-to-peak amplitude of the central line of EPR spectra as a function of increasing incident microwave power with the equation:
A is the peak-to-peak amplitude of the central line of EPR spectra, P is the incident power used in the experiment, P 1/2 is the incident power, « is the saturation factor in the range of 1-1.5. The accessibilities are calculated by normalizing the P 1/2 differences between conditions with and without paramagnetic relaxing reagents with following equation: ) is suggestive of a lipid-exposed environment within membrane, whereas high NiEdda accessibility is a reflection of the probe being exposed to aqueous solvent outside membrane.
Structural Modeling by Molecular Dynamic Simulation Methods. Sequences of the VSDs of Kv1.2-2.1 chimera, KvAP, NavAb, Ci-VSD-WT, and hHv1 were aligned using the VMD plug-in MultiSeq. (53, 54) , which is analogous to previous alignment (24) . The average distance tree of the above sequences was generated by Jalview (55) . The crystal structures of the VSD of Kv1.2-2.1 (2R9R), KvAP (1ORS), NavAb (3RVY), and CiVSD (WT, 4G80) were used as templates to build four individual structural models following standard procedure and using the I-TASSER server (56) . Each of the four models was embedded in an explicit POPC lipid bilayer, solvated by 150 mM NaCl solutions and first equilibrated in the isothermalisobaric ensemble at 300 K and 1 bar, with a time step of 2 fs for 10 ns using molecular dynamics simulations with NAMD (57) . The CHARMM36 parameter set (58, 59) was used for protein and lipid, and a TIP3P model for water (60) . The four models were further equilibrated for 300 ns with ANTON (61). The temperature, pressure, and time step were set to the same as those used in the initial 10-ns MD simulations.
Model Comparison. The four models after 300-ns equilibration were used to evaluate their agreement with experimental data. A spin label (ONP0) pseudoatom, representing the nitroxide spin label, was covalently attached to the alpha carbon atom of each residue (62, 63) . Sufficient solvent OXY and NIC pseudoatoms (36), representing O 2 and NiEdda, were introduced into the system and distributed into the membrane and water compartments, respectively. The interactions between pseudoatoms and water; pseudoatoms and ions; and OXY and lipids were turned off. In addition, pseudospins see neither pseudosolvents nor other pseudospins.
The solvent accessibility simulations were carried out with NAMD for 5 ns using the same simulation protocol for equilibration of the structural model systems. The distribution of OXY along the normal axis of the membrane, based on the oxygen accessibility of nitroxide radical-containing lipids, was restrained using the grid forces in NAMD. Solvation numbers of the spin-label pseudoatoms were measured by calculating the average number of OXY or NIC within 6 Å of each pseudospin during the last 2 ns of simulations. In comparison with the O 2 and NiEdda accessibility derived from EPR spectra, all solvation numbers were scaled with a constant scaling factor such that they have the smallest rmsd with respect to the experimental data. The Kullback-Leibler divergence (33) was used to measure the difference between the profiles of solvation number and solvent accessibility. The solvation number for each pseudospin was also used to predict the 4-acetamido-4′-maleimidylstilbene-2,2′-disulfonic acid (AMS) and N-ethylmaleimide (NEM) accessibility patterns (34) . A pseudospin was treated to be AMS or NEM accessible when the solvation number of this pseudospin larger than a threshold. Different threshold values were chosen for the AMS and NEM accessibility profiles to make the model predicted accessibility have the largest similarity with the experimental ones.
Structural Refinement with Experimental Constraints. The O 2 and NiEdda accessibility data from EPR experiments were used as structural restraints to further refine the hHv1-VSD structural model based on CiVSD-WT with the PaDSAR approach (26, 36) . Three types of spin-label pseudoatoms (ONP1, ONP2, and ONP3) and three types of environmental pseudoatoms (PROT, OXY, NIC) were introduced into the system. ONP1, ONP2, and ONP3 represent nitroxide spin labels with both low O 2 and NiEdda accessibility values (buried within the protein itself), with low O 2 but high NiEdda accessibility values (exposed to the water solution) and with high O 2 but low NiEdda accessibility values (exposed to the lipid bilayer), respectively. PROT, OXY, and NIC represent protein residues O 2 and NiEdda, respectively. The different types of van der Waals interactions between the spin-label pseudoatoms and the environmental pseudoatoms provided the restraint driving forces during the course of simulations. The equilibrated hHv1-VSD was used to construct a starting configuration for the restrained molecular dynamics simulation. ONP1, ONP, ONP3, and PROT were covalently attached to the alpha atom of the assigned residues. The protein with patched pseudoatoms was then embedded in a box of OXY with a slab of NIC on each side mimicking lipids and water, respectively. The restrained simulations were run in an NVT ensemble (300 K) with NAMD, and the secondary structure of the four transmembrane helices were restrained during the course of simulations. The resulting model was further equilibrated in an explicit POPC membrane for 400 ns.
The refined structural model of hHv1-CiVSD was used to build a dimer of hHv1 with the C-terminal coiled-coil domain (with residues 89-266), consulting the crystal structures of the Ci-VSD dimer (WT, 4G80) and the hHv1 C-terminal dimer (37) . The linker between the S4 helix and the coiled-coil domain (with residues 217-228) was rebuilt as an α-helix, considering the heptad repeat of coiled-coil structures (40) . The dimer model was first equilibrated for 5 ns in vacuum and then equilibrated for 300 ns in an explicit POPC lipid bilayer at 300 K using NAMD. The secondary structure restraint and the symmetry restraint were imposed during the simulation.
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